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DNA Topoisomerase VI Is Essential
for Endoreduplication in Arabidopsis
(Figures 1A, 1B, 1D, and 1E). hyp6 is able to form all of
the organs found in the wild-type but is severely dwarfed
at maturity (Figure 1H), reaching only about 10% of the
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Department of Cell and Developmental Biology wild-type height. Only the floral organs and siliques are
relatively unaffected by the mutation, reaching aboutJohn Innes Centre
Colney 80% of the wild-type length (Figures 1I and 1J), and
homozygous plants set fertile seeds. Application of plantNorwich, NR4 7UH
United Kingdom growth regulators, including giberellic acid, brassino-
steroids, or auxin, does not rescue the dwarf phenotype
(data not shown).
Certain large cell types in the wild-type show limited
expansion in the hyp6 dwarf. These include leaf epider-Summary
mal pavement cells (Figures 1L, 1M, and 1U), trichomes
(Figures 1O and 1P), and root hairs (Figures 1R and 1S).Endoreduplication is a common process in eukaryotes
that involves DNA amplification without correspond- In addition, although hyp6 is clearly able to undergo
mitotic cycles, its fully expanded leaves have 25–30ing cell divisions. Cell size in various organisms has
been linked to endoreduplication [1, 2], but the molec- times fewer adaxial epidermal cells than wild-type (see
Table S1 in the Supplementary Material available withular mechanisms are poorly understood. We have used
a genetic strategy to identify molecules involved in this article online); this reduction in cell number partially
accounts for the dwarf leaf phenotype. We found thatendocycles in Arabidopsis. We isolated two extreme
dwarf mutants, hypocotyl6 (hyp6) and root hairless2 root hairless 2 (rhl2) [3] has a phenotype extremely simi-
lar to hyp6 in both dark and light conditions (Figure 1,(rhl2) [3], and cells of these mutants successfully com-
plete only the first two rounds of endoreduplication Table S1). The hyp6 rhl2 double mutant is indistinguish-
able from either single mutant parent (Figure 1G), sug-and stall at 8C. In both mutants, large cell types, such
as trichomes [4, 5] and some epidermal cells [6], that gesting that HYP6 and RHL2 probably function in the
same pathway or process.normally endoreduplicate their DNA are much reduced
in size. We show that HYP6 encodes AtTOP6B, a plant By positional cloning, we found that HYP6 encodes a
protein, AtTOP6B, which has significant deduced aminohomolog of the archaeal DNA topoisomerase VI sub-
unit B, and that RHL2 encodes AtSPO11-3, one of the acid sequence similarity to subunit B of archaeal DNA
topoisomerase (topo) VI. The HYP6/AtTOP6B gene isthree Arabidopsis subunit A homologs. We propose
that this topoisomerase VI complex is essential for comprised of 19 exons ([12], Figure 2A), and the hyp6
mutation, a single nucleotide substitution from guaninethe decatenation of replicated chromosomes during
endocycles and that successive rounds of endore- to adenine, occurs at the splice acceptor site of the
second intron (Figure 2A). This mutation does notduplication are required for the full growth of specific
cell types. change the size of hyp6 transcripts (1.7 kb) (Figure
2B), but it alters the reading frame (Figure 2C), leading
to a truncated protein due to a stop codon within the
third exon. The hyp6 mutant, therefore, is likely to repre-Results and Discussion
sent a null allele.
Topo VI is a subclass of type II DNA topoisomerasesPlant cells can increase their volume many times during
plant growth and development, and one mechanism by (type IIB) recently identified in archaea, in which it forms
an A2B2 heterodimer complex composed of subunit Awhich they achieve this is through increasing ploidy lev-
els by endoreduplication [7, 8]. Identifying the molecules (topo VIA) and subunit B (topo VIB) [13]. The purified
protein complex from the archaeon Sulfolobus shibatae,involved in the endoreduplication machinery is a critical
or its recombinant proteins overexpressed in Esche-step for understanding the control of cell size. The model
richia coli, can decatenate double-stranded DNA, i.e.,plant Arabidopsis is an ideal system for the genetic
promote ATP-dependent separation of two entangleddissection, as cells in most of its tissues, except floral
chromosomes [14–16], and is therefore thought to beorgans, endoreduplicate [9], and a tight correlation be-
responsible in vivo for chromosome decatenation at thetween ploidy level and cell size has been observed [6].
end of DNA replication [16]. Many eukaryotes, includingIn the dark, cells in the wild-type hypocotyl endoredupli-
yeast, Drosophila, mice, and humans, have one homologcate several times [10], and the increased ploidy is be-
of topo VIA, named SPO11, that is essential for thelieved to be required for the extensive elongation of
initiation of double-strand breaks during meiotic recom-those cells [7]. In a screen of mutants deficient in cell
bination, but none have a topo VIB homolog [17]. Inelongation in dark-grown hypocotyls [11], we identified a
contrast, Arabidopsis has three homologs of topo VIA,new mutant, hyp6. Young hyp6 seedlings are extremely
one of which, AtSPO11-1, is required for meiotic re-small both in the dark and light compared to wild-type
combination [18], while the other two, AtSPO11-2 and
AtSPO11-3, remain uncharacterized. Unlike the above
eukaryotes, Arabidopsis does have a homolog of topo1Correspondence: keith.roberts@bbsrc.ac.uk
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Figure 2. Positional Cloning and Transcript Analysis of hyp6 and
rhl2
(A) HYP6/AtTOP6B gene structure. The black boxes represent ex-
ons. The hyp6 mutation is indicated by an arrow.
(B) RT-PCR analysis of HYP6/AtTOP6B. Primers specific for HYP6/
Figure 1. Dwarf Phenotypes of hyp6 and rhl2 Mutants and Their AtTOP6B were used to amplify a 1.7-kb transcript from DNase-
Cell Expansion Defects treated total RNA (1 g) from 14-day-old Arabidopsis seedlings of
wild-type and hyp6.(A–C) 7-day-old, dark-grown seedlings.
(C) A schematic representation of splice products detected in hyp6.(D–G) 7-day-old, light-grown seedlings.
The sequence highlights relevant parts of genomic DNA of exon 2,(H) 30-day-old plants.
intron 2, and exon 3. Sequences of introns and exons are displayed(I–K) Flowers and siliques.
in lowercase and uppercase letters, respectively. The guanine-to-(L–N) Scanning electron micrographs of fully expanded, leaf adaxial
adenine exchange in hyp6, indicated by an arrow, abolishes theepidermal cells from 14-day-old plants. Asterisks show large pave-
wild-type splicing acceptor site (ag) in hyp6, and splicing occurs atment cells that cannot be identified in the mutants.
the next available AG.(O–Q) Scanning electron micrographs of leaf trichome cells.
(D) RHL2/AtSPO11-3 gene structure. The rhl2 mutation is indicated(R–T) 7-day-old roots. (A, D, I, L, O, R) wild-type Col, (B, E, J, M, P,
by an arrow.S) hyp6, (C, F, K, N, Q, T) rhl2, and (G) hyp6 rhl2 double mutants.
(E) RT-PCR analysis of RHL2/AtSPO11-3. rhl2-1 has transcripts of(U) Cell surface area of adaxial leaf epidermal cells from 14-day-old
two different sizes, 1.3 and 1.5 kb.plants, excluding trichome and guard cells (n  300).
(F) The guanine-to-adenine exchange in rhl2-1, indicated by anThe scale bars represent 10 mm in (A)–(G), 1 cm in (I)–(K), 100 m
arrow, abolishes the wild-type splicing acceptor site (ag) in rhl2-1in (L)–(N), 40 m in (O)–(Q), and 100 m in (R)–(T).
and causes rhl2-1 either not to splice (*) or to utilize one of the three
AGs in the downstream sequence (**).
(G) A phylogenetic tree (MultAlin) of topo VIA/SPO11 homologs. FullVIB, AtTOP6B [12, 19], which should partner a topo VIA
deduced amino acid sequences were used for comparison. Branchhomolog. Since the hyp6/Attop6b and rhl2 mutants, and
lengths are proportional to the number of amino acid substitutions,the double mutant, are phenotypically indistinguishable,
and the scale bar indicates ten substitutions.
RHL2 is a candidate gene to encode one of the three
topo VIA homologs. The AtSPO11-3 gene is located on
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Figure 4. Subcellular Localization of the GFP::RHL2 Fusion Protein
Expressed within Arabidopsis Leaf Epidermal Cells
(A) General distribution of the control GFP.
(B) Nuclear localization of the GFP::RHL2 fusion protein within wild-
type epidermal cells.
(C) Confocal sections of a nucleus transformed with GFP::RHL2,
showing general nuclear distribution but exclusion from the nu-
cleolus.
(D) Nuclear localization of the GFP::RHL2 fusion protein within hyp6
epidermal cells.
The scale bars represent 20 m in (A), (B), and (D) and 2 m in (C).
likely to be essential for the mitotic cell cycle, since
both mutants can undergo cycles of cell division both
in planta (Figure 3D) and in long-term cell culture (data
not shown). Instead, the growth defects in cell types of
rhl2 and hyp6 that normally endoreduplicate suggest
that RHL2 and HYP6 are involved during endocycles.Figure 3. Ploidy Levels in Wild-Type, hyp6, and rhl2
To test this, we analyzed the ploidy levels in rhl2 and(A) Flow cytometric analysis of 14-day-old leaves.
hyp6 plants. Flow cytometric analysis of leaf tissue re-(B) Flow cytometric analysis of 10-day-old, dark-grown hypocotyls.
In the mutants, the small peaks (marked by arrows) suggest that vealed that wild-type leaf cells endoreduplicate up to
DNA synthesis in the next endocycle can start but is rapidly aborted. four times [9], giving sharp peaks at 2, 4, 8, 16, and 32C
(C) DAPI (4,6-diamidino-2-phenylindole)-stained nuclei from tri- (Figure 3A). In contrast, both rhl2 and hyp6 can only
chome cells (WT, hyp6, and rhl2). The nuclei in guard cells (GC)
complete the first two rounds of endoreduplication torepresent 2C. The scale bars represent 10 m.
8C (Figure 3A), suggesting that RHL2 and HYP6 are(D) Flow cytometric analysis of flower buds. Cells in buds do not
required for successive rounds of endoreduplication. Aendoreduplicate, and both wild-type and rhl2 have only 2C and 4C
present. reduction in the number of endocycles is also observed
in dark-grown hypocotyls (Figure 3B) and trichome cells
(Figure 3C).
A predicted nuclear localization signal, KKKRKR, atchromosome 5 at a position roughly corresponding to
that of RHL2, and a yeast two-hybrid analysis has pre- the N terminus of the RHL2 protein suggests that plant
topo VI functions within the nucleus. To test this, weviously shown that AtSPO11-3 interacts with HYP6/
AtTOP6B [12]. We found that the rhl2 mutant has a looked at the subcellular localization of the RHL2 protein
fused to green fluorescent protein (GFP) by transientguanine-to-adenine substitution at the end of the first
intron (Figure 2D), and we have found that this abolishes expression in Arabidopsis leaf epidermal cells. The
GFP::RHL2 protein is targeted to the nucleus (Figuresthe proper splicing of transcripts (Figures 2E and 2F).
While the unspliced, or one of the misspliced transcripts, 4A and 4B), where it is evenly distributed but is excluded
from the nucleolus (Figures 4C). We also localizedproduces truncated proteins due to the premature stop
codons introduced in the downstream sequence, the GFP::RHL2 protein in nuclei in the hyp6 mutant back-
ground (Figures 4D), and this nuclear localization indi-other two misspliced transcripts produce proteins that
lack either DQ or DQTQ, at position 176–177 or 176–179, cates that RHL2 can be transported to the nucleus in
the absence of HYP6.respectively (Figure 2F). Q177 is conserved in all topo
VIA/SPO11 genes [17] within a CAP region thought to DNA topoisomerases have been implicated in various
processes such as DNA replication, recombination, andbe responsible for DNA binding [20, 21] and is likely to
be essential for protein function. Comparison of topo transcription [22]. Plants, unlike all other eukaryotes,
have at least two subclasses of type II topoisomerases,VIA/SPO11 homologs revealed that the RHL2/AtSPO11-3
protein is phylogenetically closer to its archaeal topo topo II (type IIA) [23] and topo VI (type IIB), largely unre-
lated at the amino acid sequence level but likely to carryVIA homologs than it is to eukaryotic SPO11 homologs
(Figure 2G). out similar enzymatic reactions. Our study suggests that
one of the three Arabidopsis topo VIA homologs, to-Unlike AtSPO11-1, neither RHL2/AtSPO11-3 nor
HYP6 are required for meiotic recombination since both gether with its topo VIB homolog, is likely to form a
functional topo VI complex required for decatenatingmutants are viable and generate normal recombination
frequencies in mapping populations. They are also un- chromosomes during successive endocycles. The dif-
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and stained with Cystain fluorescent buffer (Partec GmbH). Datafuse localization of RHL2 throughout the nucleus sup-
were collected for approximately 15,000 nuclei per sample and wereports this idea (Figure 4). Our flow cytometry analysis
presented on a logarithmic scale.showed that topo VI is required for the third and subse-
quent rounds of endoreduplication, to 16C and onward. In Vivo Localization of the RHL2 Protein
Incomplete decatenation of replicated DNA may result A cDNA fragment of the RHL2 gene was amplified from RT-PCR
in progressively entangled chromosomes that either products of wild-type Col and was subcloned into pGEM-T vector
(Promega). An EcoRI site was introduced immediately before thephysically block further DNA replication or initiate a
ATG start codon and after the TAA stop codon. After verifying thecheckpoint mechanism to block further endocycles. The
sequence, an RHL2 cDNA fragment was excised and cloned as anfact that mutant cells progress to 8C might be explained
EcoRI fragment into the modified version of GFP 2-5 clone [28]
by differences in the requirement for topo VI and/or by under control of either a 35S CaMV constitutive promoter or the 2
functional redundancy with topo II in early endocycles. kb upstream genomic sequence of the RHL2 gene. The resultant
We do not know yet whether topo VI has a role in the GFP::RHL2 construct was cloned as a KpnI-SpeI fragment into
pGreen 0029 [29]. These constructs were transformed into wild-mitotic cell cycle, since it is not clear whether the re-
type or mutant Arabidopsis seedlings by particle delivery [30].duced cell proliferation in mutant leaves results directly
from the mutations or by some indirect mechanism; for
Supplementary Materialexample, through the reduced expansion of neighboring
Supplementary Material including Table S1, which describes the
cells that failed to endoreduplicate. It is also possible phenotypic analysis of hyp6 and rhl2 dwarf leaves, i.e., leaf size and
that the topo VI complex is required for other processes number of epidermal cells, is available at http://images.cellpress.
com/supmat/supmatin.htm.that have downstream consequences for endoredupli-
cation. In particular, its involvement in gene expression
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